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Aims
The aim of the present study was to investigate the relationship between lung cancer mortality and quantitative measures of exposure.
Methods
Using available records of occupational hygiene measurements, we established exposure matrices for arsenic, cadmium, lead, antimony and polonium-210 ( 210 Po), covering the main process areas of the smelter. We established work histories from personnel record cards for the previously defined cohort of 1462 male employees. Three different methods of extrapolation were used to assess exposures prior to 1972, when no measurement results were available. Lung cancer mortality was examined in relation to cumulative inhalation exposure by Poisson regression analysis.
Results
No significant associations could be found between lung cancer mortality and simple cumulative exposure to any of the substances studied. When cumulative exposures were weighted according to time since exposure and attained age, significant associations were found between lung cancer mortality and exposures to arsenic, lead and antimony.
Introduction
An earlier paper [1] reports a significant excess in mortality from lung cancer [62 deaths, standardized mortality ratio (SMR) 161, 95% confidence interval (CI) 124-206, P , 0.001] in a cohort of 1462 male employees at a former tin smelter located in Humberside, UK. No data on smoking habits were available for the cohort. Nonetheless, a substantial proportion of the excess could best be attributed to exposure to one or more occupational carcinogens, for which the effect on mortality diminishes with time since exposure. No significant excesses in mortality for any other cause of death were found.
Workers at the smelter were potentially exposed to a variety of substances including tin, lead, antimony, arsenic, cadmium, sulphur dioxide, natural series radionuclides and combustion products. The radionuclide of most interest is polonium-210 ( 210 Po). For both arsenic and ionizing radiation, causative relationships with excess risk of lung cancer are well established [2] [3] [4] [5] , while for cadmium the evidence published is conflicting [6] [7] [8] [9] [10] [11] [12] . Evidence of a role for lead or antimony inhalation in lung carcinogenesis is weak; where associations have been observed confounding with arsenic is likely [13] [14] [15] [16] .
The objective of this study was to investigate the relationships between excess lung cancer mortality at the smelter and inhalation exposures to lead, antimony, arsenic, cadmium and radioactivity, with the aim of identifying the cause or causes of the excess.
Methods
The Capper Pass smelter took process residues from other smelters, together with some raw ores, as feedstock.
The main process circuit comprised raw materials handling, feed mixing and drying, sintering and reduction in a blast furnace to produce an impure alloy of tin and lead. The impure alloy was dry refined prior to electrolytic separation which yielded pure tin as a cathode deposit and lead, together with other trace metals, as an anode deposit. The anode deposits were further dry refined and electrorefined to yield pure lead, bismuth/lead alloy and antimony/lead alloy.
Air sampling was carried out both by works staff and the UK regulatory agencies. Area (or static) samples were taken weekly over a 15-min period at set locations. Personal samples were taken on a campaign basis from selected areas, most being taken over a full working shift; the few samples taken over a short period to assess exposures on specific tasks were omitted from the analysis. The available records do not specify the size fractions of the aerosol sampled. The recorded measurements cover the period 1972-91.
Over 20 000 individual sampling results are available. The most comprehensive results are for lead in air, as the smelter was regarded as a 'lead process' under UK regulations. Gaps in the data for other substances were filled by making use of ratios to lead derived from available measurements in individual process areas.
'Area' or 'static' air samples may not be representative of the air breathed by workers and are likely to underestimate true personal exposures [17] [18] [19] [20] . Ratios between personal and area sample results from personal sampling campaigns have been used to estimate exposures in terms of the annual mean of personal sample results as measured over a working shift.
Sample data were distributed approximately log normally. The statistic adopted as an annually averaged estimate of exposure was the minimum variance-unbiased estimate of the arithmetic mean [21] . In many cases, data sets contained a proportion of values reported at the limit of detection; a maximum likelihood method [22] was used to obtain the best estimate of the mean.
Annual average exposures in the principal process areas over the period 1972-91 have been summarized as a matrix. The data were insufficient to provide further resolution at the job-within-process-area level. Derivation of the matrix has been reviewed by a panel of former technical managers from the smelter. A more detailed description of the matrix can be found elsewhere [23] .
Personnel record cards permitted definition of work histories for each cohort member in terms of the proportion of time spent annually in each process area.
Temporal extrapolation is necessary in estimating exposures, as some employment histories extend back to 1937. Major new process plants and process ventilation systems were introduced from 1967 onwards. This may well have improved working conditions, but production also increased progressively from 1937 onwards [24] . Only one document gives results for air contamination prior to the 1970s; a letter in 1960 from the Factory Inspectorate cited measurements of lead that were substantially higher than those recorded during the 1970s.
Recognizing the uncertainty in early air contamination levels, we have used three scenarios for backextrapolation in the regression analyses as follows:
Scenario A: Constant back-extrapolation in each process area, as the mean of the levels in the three earliest years for which data were available.
Scenario B: Back-extrapolation in each process area on a linear increasing trend from the baseline value above, to values 2-fold higher in the early 1940s, based on a weak trend seen in per-caput average exposure levels over the period 1972-91.
Scenario C: Back-extrapolation in each process area from the baseline value above to values 2-fold higher in 1960, subsequently, declining linearly to values one-half of the baseline in 1937. In this scenario, air contamination levels initially increase as a consequence of increasing production and ageing process plant, before declining as a consequence of regulatory pressure and capital investment during the 1960s and 1970s.
Individual exposure histories could then be obtained by cross-reference of the exposure matrix and the work histories.
The 35 942 person-years at risk for the 1462 subjects were accumulated into strata defined by age, calendar year and categories of cumulative exposure. Accumulation of person-years commenced for each individual either 12 months after their start of employment date or 1 November 1967 if that date was later. Cumulative exposure categories were defined as quintiles of the exposure distribution experienced by the lung cancer cases, and the point value of exposure assigned to each band was determined as the person-time weighted mean; this is expected to minimize the potential problems associated with exposure misclassification [25] . We calculated expected numbers of deaths from lung cancer within each stratum using the male mortality rates for England and Wales [26] .
We performed Poisson regressions on mortality data stratified by cumulative exposure to lead, arsenic, cadmium and 210 Po using the EGRET software package [27] . Most studies of this type accumulate person-years into strata defined by cumulative exposure, implicitly assuming that excess relative risk is proportional to the cumulative exposure throughout follow-up. In reality, dose-response relationships are likely to be subtler than this. The earlier study of this cohort [1] found evidence of a diminution of lung cancer risk with time since exposure. Such an effect is well established for tobacco smoke [28] [29] [30] and ionizing radiation and has also been suggested for arsenic [31] .
Effects of this nature also emerge naturally from process models of carcinogenesis [32] [33] [34] [35] .
If excess relative risk does vary with time since exposure, regression analyses that assume simple proportionality with cumulative exposure during the follow-up period may fail to identify associations that actually exist. If the cohort were sufficiently large, the dependence of excess relative risk on factors such as intensity of exposure, time since exposure and attained age could be explicitly evaluated. However, the 62 lung cancer deaths in the Capper Pass cohort are insufficient to permit this.
The US Committee on the Biological Effects of Ionising Radiations (BEIR) studied .500 lung cancer deaths in cohorts of uranium miners exposed to radon daughters, and in its sixth report (Biological Effects of Ionising Radiations VI) developed a risk model in which weightings are used to modify cumulative exposure as an explanatory variable for excess relative risk, as [36] :
where ERR is the excess relative risk, E i is the exposure during the ith exposure episode, u(t i ) is a weighting factor depending on t i (the time since the exposure episode occurred) and f age is a weighting factor depending on attained age. Weights are specified as step functions, reflecting the categorization of person-years at risk. If we make the assumption that the weighting factors are largely a reflection of the carcinogenic process for lung, rather than the properties of the specific carcinogen, then one may expect excess relative risk to vary in this way for many carcinogenic agents that can, like radon daughters, only exert a modifying effect on the carcinogenic process during the period of exposure. Arsenic (because of its very rapid clearance from the body after intake) is such a case. We have therefore investigated the effects of both the stepwise-specified BEIR VI weighting factor and the smoothed weights shown in Figure 1 , on our regression analysis.
As an alternative, we have also examined the effects on the regression analysis of assuming that the excess relative risk of lung cancer is only influenced by specific 'windows' of time during the prior exposure history.
As no data are available for the smoking habits of the cohort, all the analyses are subject to the implicit assumption that smoking prevalence is not strongly correlated with exposures.
Results
Our exposure matrix contains estimated air contamination levels in .20 distinct process areas, together with levels in non-process areas estimated from results of samplers that were operated outdoors around the site. Table 1 provides summary information for the period 1972-91. Table 2 provides summary information on the distribution of individual cumulative exposures under the three pre-1972 exposure scenarios. Simulations based on statistical variance of exposure data and judgements on other sources of error indicate that uncertainty in individual cumulative exposures may broadly be described by a log-normal distribution around the mean, with 95th percentile limits factor of 3 on either side of the mean. Table 3 provides results from the regression of lung cancer mortality against both unweighted cumulative exposures to lead, antimony, arsenic, cadmium and 210 Po and against cumulative exposures weighted for time since exposure and attained age. The results presented are those obtained with smoothed weighting; those obtained with 'stepwise' weighting are very similar. Table 4 shows the regression results for arsenic in more detail; similar data for the other substances may be found as Supplementary data at Occupational Medicine Online.
Significant trends in lung cancer mortality with increasing weighted cumulative exposure to lead, antimony and arsenic are found for all three scenarios of pre-1972 exposure; no significant trends are found in any of the other regressions. For arsenic, antimony and lead, introduction of the weighting increases the gradient, reduces the intercept and increases the log likelihood of the model fit. With the exception of lead in Scenarios B and C, the regressions show projected observed to expected ratios greater than unity at zero exposure. An alternative analysis in which trends were sought with cumulative arsenic exposure accumulated in 12 defined time windows produced significant trends in only a few instances and no material improvement in regression statistics over those presented in Table 3 . The projected observed to expected ratio at zero exposure in these analyses ranged from 1.2 to 1.6. Tables 1 and 2 See text for details of exposure scenarios. a 95% on observed/expected and 90% on intercept and gradient. [37] . Cohorts of uranium miners and nuclear process workers showing substantial excesses in lung cancer mortality have experienced radiation doses to lung in excess of 100 Sv [5] . From Table 3 , it is apparent that there are no significant associations between mortality from lung cancer and unweighted cumulative exposures to lead, antimony, arsenic, cadmium or 210 Po. In view of the above comparisons, this may not seem surprising.
Discussion
Comparable regression results for unweighted cumulative exposure to arsenic derived from the published results for copper smelter workers are presented in Table 5 .
These three cohorts show projected observed to expected ratios at zero exposure that are substantially greater than unity, together with gradients that are statistically compatible with our findings, but which would permit little, if any, of the excess mortality observed in our cohort to be attributed to exposure. Table 3 shows significant associations between lung cancer mortality and weighted cumulative exposures to lead, antimony and arsenic, with substantial improvements to regression statistics compared with the unweighted analysis, for all three pre-1972 exposure scenarios.
As : Pb ratios in most of the process areas fall within the range of 0.1-0.5; Sb : Pb ratios are 0.2 with little variance between areas. Thus, there is a substantial degree of correlation between exposures to these three substances. The association between lead or antimony exposure and lung cancer mortality may therefore be attributed to confounding by an underlying causative relationship with exposure to arsenic, or vice versa. Figure  2a shows the ratio of observed to expected mortality in each of the arsenic-exposed strata, together with the estimated values assuming lead to be the real causative factor, according to the lead regression coefficients of Table 3 . Figure 2b shows the same data for each of the lead-exposed strata, assuming arsenic to be the real causative factor. Similar results are obtained for antimony. Clearly, the data alone do not permit unambiguous attribution of causality to arsenic exposure, antimony exposure, lead exposure or a combination of the three.
However, there is strong evidence from other studies for a causative role of arsenic in lung carcinogenesis, while the evidence for lead or antimony is weak. We therefore conclude that the association with weighted cumulative exposures to arsenic reflects an underlying causative relationship, while those for lead and antimony may be attributed to confounding.
In the analysis against weighted cumulative exposures, the highest exposure stratum for 210 Po shows a significant elevation in mortality, even though the trend with exposure is not significant (Table 3) . However, the high 210 Po exposures arise largely in the sinter plants, where arsenic exposures are also high.
The number of deaths in our study (62) is relatively small. Although the power of the study is comparable with that of the Tacoma and Rö nnskärversken studies, with 104 and 106 observed deaths, respectively, it is insufficient to permit optimization of the weighting factors for time since exposure and attained age. Nonetheless, some simple sensitivity analyses have suggested that the values used are broadly consistent with the principle of maximum likelihood.
For all three exposure scenarios, the best estimate intercepts for the observed to expected ratio, at zero arsenic exposure, lie between 1.2 and 1.3. These values are consistent with the tendency for smoking prevalence to be higher among manual workers [39] and the range of ratios for lung cancer mortality that have been attributed to enhanced smoking in other groups of manual workers [40] [41] [42] [43] [44] . This observation is not inconsistent with the findings of the earlier mortality study [1] that mortality from other smoking-related causes of death is not elevated. The effect of smoking on lung cancer mortality is much greater than that on mortality from other smoking-related causes [45] ; if smoking accounted for an observed to expected ratio for lung cancer of 1.2-1.3, the expected ratio for other smoking-related causes would be ,1.1. This is well within the CIs of the observed ratios.
If smoking prevalence were correlated strongly with arsenic exposure that might also account for a proportion of the gradient as well as the intercept. However, in this event, smoking would account for a much greater proportional elevation in the mortality of the cohort than has been seen in studies that have controlled for smoking.
Simulations incorporating the assessed uncertainties associated with individual arsenic exposures result in the gradient of the dose-response being reduced by 10%, while the intercept remains unaltered.
The regression models for weighted cumulative arsenic exposure indicate that in the three exposure scenarios between 11 and 14 lung cancer deaths-rather more than half the observed excess-may be attributed to occupational arsenic exposure.
The question of whether occupational exposure to cadmium, acting either alone or in combination with arsenic, plays a role in lung carcinogenesis has not been satisfactorily resolved [7] [8] [9] [10] [11] [12] . As attempts to stratify person-years for the cohort by combinations of lowmedium-high arsenic exposure and low-mediumhigh cadmium exposure were uninformative as a consequence of correlation between exposures, this study offers no evidence for such a role for cadmium alone (Table 3) or for a combined effect of exposure to cadmium and arsenic.
We conclude that a substantial proportion of the excess lung cancer mortality observed in the cohort of workers at the Capper Pass smelter can be attributed to the effects of arsenic exposure, but only if it is assumed that the resulting excess relative risk of lung cancer declines with time since exposure and attained age. The regression results are also consistent with a contribution to the excess from enhanced prevalence of smoking within the cohort. The consistency of these findings across the three exposure scenarios considered lends confidence that they are not an artefact of assumptions made concerning historic exposures.
The possibility that simple cumulative inhalation exposure may not be a good predictor of excess relative risk has important implications for the estimation of the risks resulting from exposure to arsenic. It may be possible to confirm or refute this possibility by re-examining the data from other cohorts of non-ferrous metal smelter workers.
Further, these results raise the hypothesis that similar effects may be seen in cohorts exposed to other lung carcinogens that are cleared rapidly from the body and therefore can only influence processes contributing to carcinogenesis at, or near, the time of exposure.
